rntrodwtion
Iron disulfide occurs in nature (and can be prepared in the laboratory also) in two polymorphic forms, marcasite and pyrite. While a considerable amount of thermodynamic data exists for pyrite,('*') such data are virtually unknown for marcasite, except for some measurements of its enthalpy of combustion.(3-s) In order to remedy this situation and to evaluate the stability conditions for the polymorphs, the heat capacity of marcasite has been determined from 5 K to the temperature region where a The research at the University of Michigan was supported initially by the Division of Research of the U.S. Atomic Energy Commimion and more recently by the Chemical Thermodyuamics Program of the Chemistry Section of the National Science Foundation. it transforms to pyrite. Measurements on the previously studied pyrite sample@) have been extended to 770 K.
Pyrite is formed under widely varying conditions, while the formation of marcasite is subject to strict limitations. Hydrothermal laboratory experiments have shown(7-'0) that the formation of pyrite is favored at elevated temperatures in neutral or slightly basic solutions, while marcasite forms in colder, more acidic solutions. The results of Rickard('r) indicate that the formation of marcasite depends on the reaction between sulfur and a pre-existing iron sulfide, the tetragonal Fe,+,S(") (mackinawite). Marcasite has so far not been prepared by dry methods, and this prompted Kullerud(13) to speculate that H-S bonds were of importance for its formation. Rickard(") contends that water may be of importance in the formation of marcasite, but relates this to an enhanced formation reaction at temperatures where the marcasite-to-pyrite transformation is slow. In accordance with this, pyrite and marcasite are often found together both under laboratory conditions and in nature, as is commonly the case for monotropic polymorphic forms. It should also be noted that some natural crystals of the marcasite habit have, in fact, already undergone transformation to pyrite or do so on crushing.('4* 15) While W6hler('6) was not able to observe marcasite transforming to pyrite or vice versa at 720 K, and both Cavazzi(3) and Mixterf4) reported that the enthalpy of combustion of marcasite is equal to that of pyrite, Allen et al(') contended that marcasite transforms monotropically and exothermically to pyrite above 700 K. The inversion of marcasite has been studied by X-ray single crystal methods by Fleet (l') Experience with several samples indicated that the transformation was . partially complete after heating for 12 h at 700 K and essentially complete within less than 4 h at 750 K. The irreversibility of this transformation has been noted by many investigators, but quantitative information about the instability of marcasite from heat-capacity and enthalpy-of-transformation measurements is obviously needed. Furthermore, the possibility of a limited stability range of marcasite at lower temperature as a consequence of subtle differences in vibrational properties should not be overlooked, although it seems a priori more reasonable that the heat capacity of marcasite be higher than that of structurally related pyrite due to the larger molar volume of the former.
Finally, the question of compositional differences between pyrite and marcasite needs to be considered. After an evaluation of the available analytical data by Buerger('s' the composition FeS,.,s, was claimed for marcasite, while pyrite was judged to be stoichiometric.
From decomposition-pressure measurements and magnetic results Juza and Biltz('g) concluded that pyrite had a range of homogeneity from FeSz to FeSl.g4. In the absence of further confirmation the latter conclusion seems doubtful. A slight compositional difference between marcasite and pyrite might, however, well be present but has not been conclusively estabhshed. After heating to 770 K in the calorimeter, only pyrite-lines were found on the powder photographs and the lattice constant of the sample was a = (540.6 & 0.1) pm.
The pyrite sample was the same as used in the low-temperature heat-capacity study by Gronvold and Westrum. @) It was from the Bosmo Mine, Nordland, Norway.
CALORIMETRIC TECHNIQUE 5 to 350 K, University of Michigan. The Mark II cryostat and adiabatic method employed have been described. (22) A gold-plated copper calorimeter (W-17) with a volume of 93 cm3 was used. Helium gas was added (76 Torr at 300 K) to improve thermal equilibration.? The calorimeter was surrounded by a shield system provided with automatic temperature control. Temperatures were measured with a capsuletype platinum resistance thermometer (A-3) located in a central well in the calorimeter. 300 to 700 K, University of Oslo. The calorimetric apparatus and measuring technique have been described.(23) The calorimeter was intermittently heated, and surrounded by electrically heated and electronically controlled adiabatic shields. The substance was enclosed in an evacuated and sealed quartz tube of about 50 cm3 volume, tightly fitted into the silver calorimeter. A central well in the tube served for the heater and platinum resistance thermometer.
Calibrations and adjustments. The platinum resistance thermometer for the lowtemperature calorimeter had been calibrated by the U.S. National Bureau of Stan-dards, and that for the high-temperature calorimeter locally, at the ice, steam, and zinc points. Temperatures are judged to correspond to IPTS-68 within 0.02 K from 4 to 300 K, and within 0.05 K above this temperature. Energy inputs were measured with reference to instruments calibrated by the U.S. National Bureau of Standards.
The heat capacities of the empty calorimeters were determined in separate series of experiments. It represented from 45 to 80 per cent of the total for the low-temperature calorimeter, and about 54 per cent for marcasite and 50 per cent for pyrite for the high-temperature calorimeter.
Small corrections were applied for temperature excursions of the shields from the calorimeter temperature and for "zero drift" of the calorimeter temperature. Further small corrections were applied for differences in amounts of iridium+ tin solder, helium gas, and Apiezon-T grease for the low-temperature calorimeter and for differences in mass of the quartz containers for the high-temperature calorimeter. The mass of marcasite sample used was 130.833 g in the low-temperature calorimeter and 117.184 g in the high-temperature calorimeter, and the mass of pyrite used in the high-temperature calorimeter was 139.974 g. The heat capacity of marcasite is slightly higher than that of pyrite over its entire range of existence. This is shown as a difference plot in figure 1 over the region 5 to 350 K. The experimental heat capacities at higher temperatures are shown in figure 2 .
Values of the heat capacity CP, entropy {S"(T) -S"(O)), enthalpy {H"(T)-H"(O)), and function -{G"(T) -H"(O)j/T are given for selected temperatures in table 2. They were obtained by appropriate computer evaluation of polynomials representing the heat capacity and extrapolation below 5 K for marcasite. Above 100 K the lowtemperature heat capacity is characterized by a precision of +0.2 per cent, and the thermodynamic functions of f0.15 per cent equal to twice the standard deviation. In the higher temperature region, the corresponding precision indices are 0.4 and 0.2, respectively.
Coughlin(24) measured the enthalpy of pyrite from 298 to 980 K. The tabulated enthalpy increments are 4.2 per cent higher than the present at 400 K, 1.8 per cent higher at 500 K, 0.4 per cent higher at 600 K, and 0.3 per cent lower at 700 K. For marcasite only a mean heat capacity from drop-calorimetric experiments from 373 K to room temperature has been reported by Neumann(*') (15.98 cal, K-' mol-'). The higher-temperature heat-capacity measurements on marcasite were quite normal until the sixth energy input of Series II produced a somewhat higher temperature increment and brought the temperature up to 706.43 K. Here the drift-rate gradually changed from a slightly negative value of about -0.0009 K min-l to large positive values after a period of 2 h. The subsequent gradual temperature increase was followed for a further 96 h, figure 3 , at which time the temperature was estimated to be not more than (0.15&0.25) K from the limiting value, T,. The enthalpy of transformation (including -8.3 Cal,, mol-' from Series II, run 6) was (-979f25) Cal,, mol-' for the sample which contained (6.5k2.5) per cent of pyrite. Hence, the enthalpy of transformation of marcasite to pyrite at 700 K is AH, = (-1050_+ 50) Cal,, mol-'.
When the heat-capacity measurements were continued after 96 h a slight positive drift was noted due to the transformation of the remaining amount of marcasite, but this decay was not studied further. The heat capacity corresponded closely to that of pyrite, and X-ray powder photographs taken of the sample after completion of the measurements showed the presence of pyrite only.
The heat capacity of the pyrite sample increased gradually over the temperature range 350 to 770 K without any sign of transformation. The values were 0.5 to 1.0 per cent lower than for marcasite at the corresponding temperature. They joined very well with the low-temperature measurements. In the absence of a zero-point entropy in this system, marcasite even in the vicinity of the transformation temperature is thermodynamically metastable with respect to pyrite; hence the transformation is monotropic and irreversible. Consequently, we cannot ascribe an entropy increment to the transformation and instead utilize an enthalpy cycle for the marcasite-pyrite system through T = 0. Taking into account the enthalpy increment for the marcasite to pyrite transformation at 700 K, the {H"(T = 0, marcasite)-H"(T = 0, pyrite)} is found to be (0.99+0.05) kcal,s mol-'. This value should, therefore be incorporated Our results together with the critically evaluated values of AH,"(pyrite) from Mills's(') and from Robie and Waldbaum'@ reviews together with entropies for iron(26) and sulfur(26) yield the following standard enthalpies, entropies, and Gibbs energies of formation for FeS, at 298.15 K: Pyrite Marcasite AH,"/kcal, mol-' -41.5 +0.5 -40.5 +0.5 ASF/cal,h K-r mol-' -9.0, +0.1 -8.8&0.1 AG,"/kcal, K-' mol-' -38.8 +0.5 -37.9 +0.5
Hence, the geological occurrence of pyrite pseudomorphs after marcasite is consistent with above interpretation, since marcasite presumably occurs in low-temperature hydrothermal deposits and apparently occasionally transforms at temperatures well below 700 K to pyrite.
